This work reports rechargeable Zn/β-MnO 2 alkaline batteries as promising stationary energy storage. Unlike commercial alkaline batteries with poor cyclic performance, the nanosized β-MnO 2 cathode in the mixture of LiOH and KOH electrolyte enables rechargeable reactions with high capacity. To unveil the underlying reaction mechanisms of nanosized β-MnO 2 , we combine thermodynamic frameworks with experimental characterization including electrochemistry, Xray diffraction, and X-ray photoelectron spectroscopy. The results demonstrate a series of proton intercalation reaction (β-MnO 2 → γ-MnOOH) and two-phase conversion reactions (γ-MnOOH → Mn(OH) 2 → λ-MnO 2 ) during the first cycle, and Li and H co-intercalation in the host structure of λ-MnO 2 spinel during the hundredth cycle. It is remarkable that the addition of Bi 2 O 3 in the nanosized β-MnO 2 cathode exhibits the outstanding capacity. After one hundred discharging, the battery demonstrates a capacity of 316 mAh g -1 . Our findings can serve in the tailored cathode design in high capacity and rechargeable Zn/β-MnO 2 alkaline batteries.
INTRODUCTION
Ever since Lewis Urry invented a primary Zn/MnO 2 alkaline battery back in the late 1950's, it has been widely adopted as an energy source for low-power electronics. Recently, the Zn/MnO 2 aqueous battery is gaining attention as a rechargeable energy storage for smart grid technology. [1] [2] [3] Compared to a Li-ion battery, a Zn/MnO 2 aqueous battery has several advantages such as low material cost, better safety, and non-toxicity. To illustrate, the current rechargeable Zn/MnO 2 aqueous battery technology costs under $90 per kWh, 2 whereas the cost for Li-ion batteries are unlikely to fall below $200 per kWh. 3 In addition, Zn/MnO 2 aqueous battery operates with water-based electrolytes, furnishing a higher degree of safety making them an attractive option for grid-scale usage in residential homes and dense urban areas.
MnO 2 exists in multiple crystallographic structures including α-, β-, γ-, δ-, λ-, and R-MnO 2 .
These MnO 2 polymorphs are defined by different connection of the basic structural unit, MnO 6 octahedron, and various types of tunnels within the crystal structure. [4] [5] Electrochemical reactions vary in Zn/MnO 2 aqueous batteries dependent on the phase of MnO 2 and electrolyte used, however, the most common discharge mechanism of MnO 2 involves a homogeneous reaction and followed by a heterogeneous reaction. [6] [7] [8] Once the discharge initiates, protons intercalate into tunnels of MnO 2 through the homogeneous reaction without Mn-O bond breakage, however the bonds begin to break in the heterogeneous reaction as the discharge proceeds further leading to eventual deformation of the lattice. During the homogeneous reaction, the voltage changes rapidly, however the heterogeneous reaction manifests the voltage plateaus due to two-phase reactions.
4
Recently, many studies have reported the development of rechargeable Zn/MnO 2 aqueous batteries which utilize mild acidic electrolytes. [9] [10] [11] Lee et salt in the electrolyte suppresses the dissolution of Mn 2+ and enables longevity of over 5000
cycles.
In addition to the acidic solutions, the basic solutions have been investigated to understand the rechargeability of Zn/MnO 2 aqueous batteries. Gallaway et al. probed the phase transformation of the cathode/anode in a commercial alkaline 'AA' cell. 12 They observed ZnMn 2 O 4 (hetaerolite)
forming in the cathode, implying that it is a side product of the chemical reaction between
MnOOH and Zn(OH) 4 2- . The Zn(OH) 4 2-(zincate ion) is generated from Zn(OH) 4 2-/Zn redox at Then, the round flask was transferred to a preheated vacuum oven and kept at 125 °C overnight to facilitate complete drying of the MnO 2 product and to eliminate excess NO x gases. The sample was removed from the vacuum oven after 12 h and transferred to a preheated box furnace heated to 125 °C. The temperature of the oven was programmed to increase up to 325 °C with a step of 5 °C/min, then to hold the temperature at 325 °C for 5 h to crystalize nanosized β-MnO 2 . After natural cooling, the solid sample was ground with a mortar and a pestle to turn it into fine powder. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   7 weight ratio. The typical mass loading of β-MnO 2 is 11.4 mg cm -2 . The electrode was implanted onto a Ni foam current collector and pressed using a hydraulic press with a pressure of eight tons. The pressed electrode was then covered with one layer of polyvinylidene chloride, two layers of nonwoven separator (FS 22145 from Freudenberg LLC) and a Zn plate counter electrode. They were sandwiched between two acrylic plates, which were held together tightly with screws. After an assembly, the battery was immersed in a 20 mL beaker with 10.5 mL of 1 M KOH and 3 M LiOH electrolyte. This molar ratio of 1 : 3 = KOH : LiOH was optimized for alkaline batteries in previous report. 13 Parafilm was used to seal the beaker. All batteries in this study were tested at C/10 current rate for the first cycle and C/5 for the following cycles.
Considering the rate capability tests for synthesized β-MnO 2 with/without Bi 2 O 3 , the discharge/charge process was carried out over the course 20 cycles for each stage except for the last stage (9 cycles). Constant current rates were calculated using the theoretical two-electron electrodes were dried at 60 ‧ for 3 hours in the oven. SXRD spectra were acquired at the Advanced Photon Source (APS) at Argonne National Laboratory (ANL) on beamline 11-BM (λ= 0.4145 Å). The beamline uses a sagittal focused X-ray beam with a high precision diffractometer circle and perfect Si(111) crystal analyzer detection for high sensitivity and resolution. SXRD spectra were plotted based on λ= 1.5418 Å to compare with the in-house XRD spectra.
X-ray photoelectron spectroscopy (XPS). XPS was performed using a Kratos AXIS Supra at the Laboratory for Electron and X-ray Instrumentation. Cycled samples were prepared by washing with running D.I. water and soaking the electrode in the D.I. water overnight, and drying in 60 ‧ for 3 h in the oven. The XPS was operated using an Al anode source running at 15 kV. All XPS measurements were collected using a 300 µm by 700 µm spot size without using a charge neutralizer during acquisition. A step size of 0.3eV was used for survey scan and 0.1 eV was for high-resolution scans. All the spectra were calibrated with carbon 1s sp 3 at 284.8 eV. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   9 and drying in 60 ‧ for 3 h in the oven. All powder samples were loaded onto a SEM holder using a carbon adhesive tape. The images were obtained using a 15 kV energy source using the FEI/Phillips XL30 ESEM.
Scanning electron microscope (SEM) and energy dispersive X-ray spectroscopy (EDS)
Computational details. First principles calculations were conducted based on spin-polarized GGA+U [16] [17] using the Perdew-Burke-Ernzerhof of exchange and correlation functionals. 18 A plane-wave basis set and the projector-augmented wave (PAW) method [19] [20] were used as parameterized in the Vienna ab initio simulation package (VASP). 21 A gamma point mesh is performed with 7 × 7 × 7 k-points for λ-MnO 2 . All the atoms were fully relaxed to calculate the optimized structure with a cutoff energy of 1.3 times the maximum cutoff specified by the pseudopotentials on a plane-wave basis set. The scheme proposed by Persson et al 22 was adopted in order to obtain an accurate standard Gibbs free energy of formation.
RESULTS AND DISCUSSION
The influence of a particle size. The powder of synthesized and commercial β- figure S1 . 23 The SEM image shows agglomerated secondary particles from the synthesized β-MnO 2 (the red color box) and chunky particles with small parasites from the commercial β-MnO 2 (the orange color box) in figure 1(c). In the synthesized β-MnO 2 the primary particle is in a size range of less than 50 nm. The Brunauer-Emmett-Teller (BET) surface analysis conducted with the nitrogen sorption isotherms at -196 °C by Autosorb -iQ (Quantachrome) indicates ~21 times larger Another factor affecting the CE is the size of β-MnO 2 . We estimate that bulk β-MnO 2 materials, which have relatively small surface-area-to-volume ratio do not promote the formation of irreversible ZnMn 2 O 4 phase, resulting in relatively higher CE than the synthesized β-MnO 2 nanomaterials. In case of synthesized β-MnO 2 nanomaterials, it improves the specific capacity during cycles, however it promotes the formation of ZnMn 2 O 4 phase at the same time due to its large surface-area-to-volume ratio. The gap between the discharge capacities from two batteries is most likely due to the difference between particle sizes of the active materials. The nanoscale β-MnO 2 particles have broader electrochemical surface area than the bulk β-MnO 2 particles, which increases the effective contact points with the electrolyte, lowering internal resistance and shortening diffusion 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 12 pathways. 5, 15 In addition, insufficiently coordinated surface atoms of the synthesized β-MnO 2 nanoparticles are expected to facilitate chemical adsorptions from aqueous solutions and undergo electrochemical reactions. Han et al. reported the effect of the nanosized particle on an adsorption energy of chemicals in aqueous media. 24 It shows that the adsorption energy of chemicals on the surface of a nanoparticle is stronger than that on the surface of a bulk material.
Nanoparticles hold a high ratio of undercoordinated surface atoms to coordinated atoms, thus their chemisorption is greater than that of the bulk materials. The nanosized β-MnO 2 case are expected to undergo facile electrochemical reactions once H 2 O adsorption from aqueous electrolytes has occurred. The reaction mechanism of synthesized β-MnO 2 will be discussed further in this study. Another factor to consider regarding surface chemisorption is the cohesive energy per atom of a nanoparticle. 25 Constituent atoms in a nanoparticle are bound together with weak cohesive energy, which is a less stable formation than a bulk material. Thus nanoparticles in aqueous media are likely to bind with nearby molecules for stabilization, which in turn stimulates electrochemical reactions.
The reaction mechanism of nanosized β-MnO 2 during the first cycle. Ex situ in-house XRD patterns are measured for synthesized β-MnO 2 cathodes during the first cycle of Zn/β-MnO 2 alkaline batteries (figure 2). The reaction mechanism of synthesized β-MnO 2 nanomaterial is proposed as follows:
Electrochemical reaction (the first discharge): 
Chemical reaction:
To further validate the reaction mechanism characterized by ex situ in-house XRD patterns, the theoretical reaction voltage (E) for each electrochemical reaction proposed in Eq. (1-4) is calculated by applying the Nernst equation as follows:
where E° is the standard reduction potential ( 27 The ideal voltage curve of a Zn/β-MnO 2 alkaline battery fabricated with synthesized β-MnO 2 nanomaterial is presented in figure 2(b) . The theoretical voltage profile (dotted line) matches well with the experimental voltage profile, which will be discussed in detail. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 figure 2(b) ). The XRD pattern of the cell at 1.80 V has a peak at ~19.1º, which corresponds to the (111) plane of λ-MnO 2 ( figure S5(b) ). This peak is the characteristic Bragg diffraction found in the λ-MnO 2
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The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 18 phase exclusively among the MnO 2 polymorphs ( figure S5(a) ). It is important to note that the XRD pattern at 1.80 V is weak and broadened. We attribute this phenomenon to the formation of nano-structured λ-MnO 2 particles, which are less than ~50 nm (figure S6). In very small particles, a large fraction of the atoms are located on the surface region, which undergo the structural relaxation for thermodynamic stability. Relaxed atoms are distorted from the original atomic positions of the crystal lattice, which could lead to the low intensity and peak broadening in the XRD pattern. Gallaway et al. reported that the irreversible ZnMn 2 O 4 phase can be generated during the operation of primary alkaline batteries. 12 In our study, however, the XRD pattern at the first charged state does not indicate ZnMn 2 O 4 phase ( figure S4(e) ). Also, no Zn 2p signal is found from XPS at the first charged state ( figure S7(a) ). We estimate that the formation of ZnMn 2 O 4 is dependent on the rate of reaction. It is reported that ZnMn 2 O 4 is not formed at fast C-rate, but generated at slow C-rate during the first discharge. We ascribe the capacity loss to any unreacted Mn(OH) 2 has advantages in terms of large electrode/electrolyte interface for electrochemical reactions, superior conductivity through its ability to embed into carbon networks, and short electron/ion transport distance. 32 Recently, nano-sized Mn 3 O 4 has been reported on for displaying high reversible capacity and enhanced CE as an anode material in Li-ion batteries. [32] [33] [34] The theoretical redox potential of Mn 3 O 4 | λ-MnO 2 is calculated as 1.28 V, which is also close to the experimental voltage plateau observed during the charge ( figure 2(b) ).
The reaction mechanism at the hundredth cycle. The ex situ SXRD pattern is measured at the hundredth discharged/charged state of the synthesized β-MnO 2 cathode in the Zn/β-MnO 2 alkaline battery ( figure 4(a,c) ). It is interesting to note that the ZnMn 2 O 4 phase is found, which was not formed during first cycle. This phase exists in both discharged/charged states because of its irreversibility in alkaline solutions. A Li and H co-inserted λ-MnO 2 spinel is also formed at the hundredth discharged state as shown in figure 4 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 20 concentration in the λ-MnO 2 spinel increases, the peak positions of XRD shift to low diffraction angle (2θ) values. These values do not correspond to the ex situ SXRD pattern at the hundredth discharged state. It should be noted that the specific stoichiometry of the Li and H co-inserted λ-MnO 2 spinel is not defined quantitatively, however, we anticipate the Li and H co-inserted λ-MnO 2 spinel is generated based on our ex situ SXRD and XPS.
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We estimate delithiated λ-MnO 2 spinel is formed at the hundredth charged state as shown in figure 4 (c). It is noted that the right side of asymmetrically broadened peak at ~19.1º in the SXRD pattern matches the (111) peak in the reference XRD pattern of λ-MnO 2 (figure S10).
This asymmetric peak belongs to the convoluted peak from PTFE and λ-MnO 2 . We believe this phase is formed by the extraction of Li and H process during charging as shown in figure 5 .
There is no detection of Li in the Li 1s region from the XPS spectrum, which is evidence for the formation of the delithiated spinel phase. In addition, the XPS spectrum for surface Mn species can be used for qualitative understanding of elements' change. The increase in the ratio of Mn 4+ species to Mn 3+ species indicates delithiation upon charging as shown in figure 4 (b, d).
Assignments for Mn 3p of ~50 eV (Mn 4+ ) and ~48.5 eV (Mn 3+ ) were made based on the previous reports. [35] [36] The ratio is approximately 1:1 at the hundredth discharge which increases to 3:2 at the hundredth charge. Mn 3+ is partially oxidized to Mn 4+ when Li + and H + leave the cathode. We demonstrate the voltage curve at the hundredth cycle combining with the voltage curve at the first cycle for comparison in figure S11.
We measure irreversible ZnMn 2 O 4 from both the hundredth discharge/charge states in the ex situ SXRD pattern ( figure 4(a, c) ). In Zn/MnO 2 alkaline batteries, Zn(OH) 4 2-is formed during the discharge reaction:
Once Zn(OH) 4 2-is formed, it chemically reacts with MnOOH at the cathode: 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
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